. 1981. Factors affecting vesicle formation and acetylene reduction (nitrogenase activity) in Frankia sp. CpI1. Can. J . Microbiol. 27: 815-823. Vesicle formationand acetylene reduct~on (nitrogenase activity) were observed when washed hyphae from cultures of Frankia sp. CpIl were transferred to a nitrogen-free medium containing ethylenediaminetetraacetic acid and succinate. Succinate could be replaced by malate or fumarate, but not other carbon sources. Maximum acetylene reduction and vesicle numbers were observed at a pH of 6.0-6.5, at 25-30°C, and at atmospheric Po, or somewhat less (5-20 kPa). Addltion of I mM NH4C1 almost completely inhibited vesicle formation and acetylene-reducing activity, but did not immediately inhibit such reducing activity by cultures with preexisting vesicles. Acetylene-reducing activity was never observed in the absence of ves~cle formation.
Introduction
stantial evidence based on the localization of tetrazolium Within the mature root nodules of actinorhizal plants dye reduction in the nodule vesicles. Apical parts of such as alder (Alnus spp.) or sweet gale (Myrica gale) nodule lobes, which were shown to contain vesicles the actinomycetous endophyte in cells of the nodule capable of reducing tetrazolium solutions, also had the lobes shows diverse forms. Ramifying branched fila-highest acetylene (C2H2)-reducing activity. ments approximately 1 pm in diameter terminate in Mian and Bond (1978) showed that in very young swollen globose or spherical structures 3-5 pm in nodules of A. glutinosa when only the hyphal stage of diameter termed vesicles. At certain developmental Frankia was present, no C2H2-reducing activity could stages, intrahyphal or terminal structures develop on the be demonstrated. As nodule development progressed filaments, forming large club-shaped sporangia varying with vesicle formation, C2H2 reduction could be found from 10 to 50 pm in length in which large numbers of 1-and increased as the occurrence of vesicles increased. to 2-pm spherical or angular spores are differentiated Becking (1977) subdivided nodules of A. glutinosa into (referred to in the earlier literature as "bacteroids").
apical, middle, and basal parts, determined the freThe nitrogen-fixing activity of root nodules generally quency of vesicles in each sector, and showed that C2H2 has been reported to be associated with newly formed reduction coincided approximately with the anatomical but mature nodules of the current year's growth. The localization of vesicles. question of where within the nodule the enzyme nitroMore direct evidence for localization of C;?H2-genase is formed has been discussed ever since these reducing activity in the vesicles has come from studies morphological stages of the endophyte have been using isolated vesicle preparations made from nodules known. Circumstantial evidence that vesicles are the site active in fixing dinitrogen. Akkermans et al. (1 977) of nitrogenase activity has accumulated from a variety of prepared nodule homogenates from nodules of A. observations. glutinosa which contained intact vesicle clusters, hyphal Akkermans (197 1. Ph.D. Thesis, State University of fragments, isolated vesicles, and random cell debris. Leyden, The Netherlands) reviewed the literature Mechanical filtration through a 10-pm filter led to a bearing on the question of dinitrogen fixation in root preparation of vesicles and vesicle clusters having 60% nodules of Alnus glutinosa and added further circum-of the C2H2-reducing activity of the nodule homogenate. 
Materials and methods
Stock cultures of Frankia sp. CpIl isolated from root nodules of Comptoniaperegrina were maintained by transfer at 4-week intervals in a yeast extract medium (Baker and Torrey 1979) . After 3-5 weeks of standing culture in flasks at 2 9 2 , the filamentous mat was harvested, homogenized in a Potter-Elvejhem homogenizer, washed three times with mineral salt solution from the defined medium (see below), and the packed cell volume measured. The inoculum was resuspended and an amount equivalent to 2 IJ.L packed cell volume was added per culture tube; this was the same amount used previously where the volume was erroneously given as 8 p,L packed cell volume per tube (Tjepkema et al. 1980) . The defined medium, used except when indicated, was composed of (milligrams per litre) succinic acid, 1200; KH2P04, i000; MgSO4.7H2O, 100; CaCI2.2H2O, 10; FeNaEDTA, 10; 1 mL. L-I of the following micronutrient stock solution (grams per litre): H3BO3, 2.86; MnC12.2H20, 1.81; ZnS04.7H20, 0.22; CuS04.5H20, 0.08; Na2Mo04.2H20, 0.025; and 1 rnL.L-' of the following vitamin stock solution (milligrams per 100 mL): thiamin HCI, 10; nicotinic acid, 50; pyridoxine HCI, 50. The pH was adjusted to 6.5. After the tubes (16 X 150mm with 5 mL of medium) were inoculated and plugged with cotton, they were incubated in the dark at 25' C without agitation. After 5-20 days the tubes were stoppered, 10% C2H2 was added, and gentle shaking was begun. Nitrogenase activity was estimated by the reduction of C2H2 to C2H4 (ethylene) (Burris 1974) . Five tubes were used for each experimental treatment and additional tubes were included in which C2H2-reducing activity was monitored beginning at approximately 5 days after inoculation. When significant C2H2 reduction was observed in these tubes, C2H2 was added to the remainder of the tubes. Thus, C2H2 was not added until a substantial number of vesicles had already formed. After the niirogenase assays were completed, vesicle counts were made by sonicating the contents of each tube for 30 s at 60 W and then counting in a Petroff-Hausser chamber under phase illumination. Owing to the substantial time required, vesicle counts were not done for all experiments. A gas chromatograph equipped with a thermal conductivity detector was used to measure O2 and C02. The Po, in the culture medium was determined by placing it in a glass syringe with a headspace of purified N2; the O2 content of the headspace was determined before and after shaking.
Results
Upon transfer of a washed suspension of CpIl grown on yeast extract medium to defined medium, new filamentous growth occurs, but the most dramatic response is the differentiation of specialized morphological structures which involves both sporangia, either intrahyphal or terminal, and terminal vesicles. If continually subcultured at 4-week intervals on the yeast extract medium, no vesicles develop. Vesicles formed and concomitant nitrogenase activity appeared 5-20 days after transfer to defined medium. In the absence of vesicles in culture, no C2H2-reducing activity could be detected. As vesicle number increased with time, C2H2 reduction increased in proportion. The number of vesicles formed per tube was a function of the size of the initial inoculum (Tjepkema et al. 1980) . Using a standard inoculum as described under Materials and methods, vesicle number reached approximately 2 x lo6 to 3 x lo6 vesic1es.tube-' by 14 days. In Figs. 1 and 2 are illustrated vesicles as they appear in the nodule and in culture.
Effect of washing inoculum
Washing of the inoculum was necessary to obtain vesicle formation and C2H2-reducing activity (Table 1) . The cultures were maintained in a complexmedium, and the washing may serve to remove inhibitors of vesicle formation, such as nitrogen-containing compounds.
Effects of pH of the dejined medium
Another important variable affecting vesicle formation and C2H2-reducing activity was the initial pH of the defined medium. Very low C2H2 reduction occurred at the pH extremes, while the maximum activity was observed at pH 6 (Fig. 3) . Vesicle numbers paralleled changes in C2H2-reducing activity with maximum vesicle numbers occurring at pH 6.5.
Effects of temperature
C2H2 reduction was monitored beginning on the 1 lth day of culture at the specified temperature, and progressively thereafter until the 24th day. The highest rate of C2H2 reduction occurred at 25"C, although the initial rate at 11 days was higher at 30°C (Fig. 4) . Temperature markedly affected the duration of nitrogenase activity and the time at which it appeared. At 35"C, activity ceased at 13 days, while at 20°C, activity first appeared at 20 days. At 10 and 15°C there was no activity even Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 04/04/12
For personal use only. after 24 days. At 24 days the cultures were harvested and the vesicle number determined. The vesicle number was consistent with the nitrogenase assays, with no vesicles at 10 and 15°C and the maximum number at 25OC ( Table  2) .
Effects of oxygen
Since nitrogenase purified from Frankia nodules is oxygen sensitive as in other nitrogen-fixing organisms (Benson et al. 1979) , it was of considerable interest to investigate the effects of Po, on C2H2 reduction by cultures of Frankia. As usual, inoculated culture tubes were incubated at atmospheric Po, without shaking until the time of C2H2 addition. They were then gassed with various Po, mixtures and shaking was begun. Maximum rates of C2H2 reduction occurred in the range from 5 to 20 kPa 0 2 , with very little activity at 0.5,40, and 50 kPa 0 2 (Fig. 5) . This is very similar to the response to Po2 by nitrogenase activity in intact actinorhizal nodules (Bond 1961) . At the end of the experiment the C 0 2 content in the tubes was approximately 0.1% and there was no measurable change in Po, . The Po, in the liquid phase was also measured and was approximately 95% of the value in the gas phase. Thus, there was little error due to Po, gradients between the gas and liquid phases. From the above we conclude that vesicle structure provides effective protection from oxygen for the enclosed nitrogenase enzyme. Tests can be routinely run at ambient Po, without damage to the enzyme. Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 04/04/12
For personal use only. Cumulative values of C2H4 are given after C2H2 addition on day 11. Tubes were also incubated at 10 and 15"C, but no activity was observed.
Effects of medium components
The defined medium could be modified in a number of ways by omission of specific components or by changing concentrations of components one at a time. A series of experiments was conducted to test the importance of such changes for C2H2-reducing activity of the cultures. The results are shown in Table 3 .
One striking requirement for vesicle formation and concomitant C2H2-reducing acitivity was the presence of ethylenediaminetetraacetic acid (EDTA). In its absence, there was no activity; the effects were not due to its iron content, since Na2EDTA and FeNaEDTA were equally effective in inducing nitrogenase activity. Moreover, no nitrogenase activity or vesicle formation occurred when FeNaEDTA was replaced by femc citrate and glutamic acid in amounts that would supply the same amounts of iron and nitrogen. To test the hypothesis that EDTA acted by chelating magnesium or calcium, we examined the effect of either omitting them or increasing their concentrations. Only the absence of MgS04 had a noticeable inhibitory effect. Omission of micronutrient salt solution had no effect nor did omission of the vitamins.
Effects of carbon and energy compounds
In addition to the requirement for EDTA of vesicle formation there was a requirement for succinate. As is apparent in Table 3 , the omission of succinate completely eliminated vesicle formation and C2H2 reduction. Further experiments were conducted to determine the optimum concentration of succinate for C2H2-reducing activity and whether alternate carbon compounds would serve as replacement substrates. These experimental results are summarized in Tables 4 and 5 . Succinic acid at concentrations of 0.4-3.6g.L-' produced vesicle formation and good C2H2-reducing activity. Activity is greatly reduced at both higher and lower concentrations. Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 04/04/12
For personal use only. Dicarboxylic acids closely related in the Krebs cycle to succinate are about equally utilized by CpI1 in culture as carbon and energy sources. Thus, fumaric acid or malic acid can replace succinic acid; a-ketoglutaric acid is not utilized nor are a range of other carbon compounds tested including other organic acids, alcohols, or pentose, hexose, or disaccharide sugars. Tween 80, a complex potential source of long-chain fatty acids and glycerol, was ineffective in eliciting vesicle formation in the defined medium.
The type of carbon source present in the medium also had a striking effect on the amount of hyphae visible at the time of the nitrogenase assay. To quantify these observations, the five tubes of each carbon source were combined and the dry weight of the hyphae was determined after filtration and washing. There was a measurable increase in dry weight only in the tubes containing succinate, fumarate, and malate which were also the substrates resulting in vesicle formation and C2H2 reduction (Table 5 ). In separate experiments employing the same amount of inoculum and succinate as the carbon source, the initial dry weight was 0.4 mg Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 04/04/12
For personal use only. 
per five tubes and there was a fourfold increase in dry weight by the time of vesicle formation and nitrogenase activity.
Effects of added nitrogen compounds
The effect of added glutamate on inhibition of C2H2-reducing activity in the cultures was reported earlier (Tjepkema et al. 1980) . We tested the effect of adding NH4C1 at different concentrations to the defined medium on both C2H2-reducing activity and vesicle formation. The results presented in Table 6 consistently show the inhibitory effect of even low concentrations of NH,Cl on vesicle formation and C2H2 reduction. At 1 . O mM, NH,Cl almost completely inhibited C2H2-reducing activity of the cultures. This effect could be attributed directly to its suppression of vesicle formation.
An experiment was designed to test whether fixed nitrogen in the medium suppressed activity of nitrogenase in vesicles already developed. Cultures were established in tubes in the defined medium. lacking added NH4Cl, and vesicles were allowed to form for 11 days of culture. At that time, when C2H2 reduction could be demonstrated, NH4C1 was added resulting in a final concentration of 1 mM. Thereafter, C2H2-reducing activity was monitored for the next 72 h. Cultures with NH4C1 present from the outset or lacking from the defined medium were run in parallel. The results are presented in Fig. 6 .
In the absence of NH4C1, C2H2-reducing activity of the cultures continued at expected levels for the 3-day period. In the continuous presence of NH4C1, C2H2 reduction was absent due to the inhibition of vesicle formation. When 1 mM NH4Cl was added at the 1 lth day, at a time when vesicles were present in the culture, C2H2 reduction continued at the control level for the 24-h period immediately after addition, suggesting that there was no immediate inhibition of nitrogenase activity. But on successive days there was complete inhibition.
Demonstration of nitrogenase activity in dejined medium using ' 5~z
In collaborative experiments with G. L. Turner, F. J .
Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 04/04/12
For personal use only. Effect of NH4CI addition (1.0 mM final concentration) to cultures with preexisting vesicles and nitrogenase activity. Experiment initiated 11 days after inoculation by addition of 10% C2H2 plus or minus NH4C1. Bergerson, and A. H. Gibson of the Division of Plant Industry, CSIRO, Canberra, Australia (to be described elsewhere), a test was made of the incorporation of I5N2 by cultures of CpIl grown on defined medium. The cultures were exposed to a gas mixture of 60% Ar, 20% 0 2 , and 20% 15N2 (25 atoms%). After a fivefold dilution of the cultures with carrier (NH4)2S04 analysis by mass spectrometry gave an enrichment of 2.8 1 atoms% 15N excess. This value corresponded to an increase of 42% in the nitrogen content of the cultures during exposure to 1 5~2 .
Thus, there was, unquestionably, 1 5~2 incorporation into the cultures due to nitrogen fixation, consistent with our observations of C2H2 reduction by cultures.
Discussion
In the experiments described, the direct correlation between vesicle formation and C2H2-reducing activity per culture was consistent and striking. Our efforts here were to define the cultural environment most conducive to eliciting the formation of vesicles from a vegetative filamentous state of Frankia sp. CpIl .
Several features of the medium used are significant and notable. Most striking is the importance of witholding any source of fixed nitrogen. Furthermore, an exhaustive washing of the filamentous mat to remove traces of previous complex medium, which included a rich supply of organic and reduced nitrogen, was essential for the most rapid expression of vesicle formation.
Addition of amino nitrogen to the medium as, e.g., glutamic acid, inhibits vesicle formation. Similarly, ammonium nitrogen at 1 mM almost completely prevents vesicle formation and concomitant nitrogenase activity. From Table 6 and Fig. 6 one can conclude that the presence of NH4Cl in the medium blocks the morphogenesis of vesicle formation primarily, and only secondarily inhibits enzyme formation and activity.
Other components of the medium are important substrates and catalysts for this morphogenetic expression. Crucial to vesicle development is a compatible carbon and energy source. The closely related Krebs cycle four-carbon dicarboxylic acids succinate, fumarate, and malate serve equally well as substrates. Other related compounds do not serve. Whether this lack of effective utilization is due to lack of uptake, lack of metabolic conversion, or some other cause was not determined. This requirement has a striking parallel in evidence that the major energy source for Rhizobium bacteroids in legume nodules may be Krebs cycle intermediates from the plant cytosol (Ronson and Primrose 1979) .
Equally essential for vesicle formation in the defined medium under these conditions is the presence of EDTA. We could find no substitute for this compound. Whether it serves as chelator to maintain in available form an essential ionic balance or whether it binds and removes a toxic trace metal is not known. Clearly, it serves neither as a nitrogen nor as a carbon source. Further experiments should be pursued to determine the nature of this requirement.
The only other component of the defined medium which played a demonstrable essential role, as determined by omission from the medium, was MgS04 in whose absence C2H2-reducing activity was significantly reduced.
In other studies of nutrient culture conditions required for growth of Frankia spp. much attention has been paid to the importance of lipid extracts (Quispel and Tak 1978; A. Quispel and A. J. P. Burggraaf. 1981.4th Int. Symp. N2 Fixation, Canberra, Australia) or other lipid additions (e.g., lecithin (Lalonde and Calvert 1979) and Tween 80 (Blom et al. 1980) ) for growth in vitro. These studies were of normal growth of Frankia in culture and included a nitrogen source. In none of these media was vesicle formation studied. In their report, Lalonde and Calvert (1979) mentioned observations of the presence of vesicles in their cultures but did not report C2H2-reducing activity or any evidence of nutrient effects on the formation of vesicles. In the defined medium reported here Tween 80 would not serve as carbon and energy source for the expression of vesicle formation.
The enzyme nitrogenase, wherever it occurs in nature, is characterized in part by its lability to molecular oxygen. Nitrogenase from root nodules produced by Frankia is not different from that of other organisms Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by HARVARD UNIVERSITY HERBARIA on 04/04/12
For personal use only. as has been demonstrated by Benson et al. ( 1979) . The expression of nitrogenase in free-living Rhizobium grown in culture is dependent on maintaining the cultures in low Po, (Keister and Evans 1976; Bergersen et al. 1976) . However, Frankia spp. in culture produce vesicles which function in C2H2 reduction and dinitrogen fixation at ambient Po, levels. From Fig. 5 one can conclude that Frankia requires oxygen for C2H2 reduction to provide, through normal aerobic processes, the energy required in the form of ATP for the reduction of dinitrogen. Yet, it is clear that the enzyme nitrogenase is protected within the vesicles by structural modifications, such as reduced oxygen permeation through the vesicle wall, which allow the organism to function surrounded by oxygen concentrations found in the air. Tjepkema (1979) showed that no structural modifications occurred in Frankia-induced root nodules which would provide protection to the organism from oxygen in the atmosphere. The present studies confirm the fact that the organism provides its own protection by producing a structure, the vesicle, which serves to protect the enzyme within. The nature of that structure is the subject of a separate study, but analogy with the heterocysts of blue-green algae is strongly suggested.
It is of considerable interest to compare our results with those obtained by Gauthier et al. (1981) using two strains of Frankia isolated from Casuarina equisetifolia. In agreement with our results, they found maximum C2H2-reducing activity in the range of 5-20 kPa 02. Similarly, they observed strong inhibition of nitrogenase activity by 2 mM NH4Cl. However, EDTA was not required for vesicle formation and nitrogenase activity. It is not clear whether this is due to strain differences or differences in the culture media used.
Throughout these experiments the relationship between the number of vesicles formed and the C2H2-reducing activity was remarkably constant. One can calculate a figure for mean C2H2-reducing activity per vesicle for the different experiments in which both of these statistics were determined. That value under optimum conditions is of the order of 20 x to 40 x lo6 nmol.vesicle-' .day-'.
The experiments described in this paper were directed toward optimization of vesicle formation in Frankia sp. CPI 1 grown in culture. It should be noted in conclusion, however, that we have described methods of controlling morphogenesis in this organism. In the yeast extract medium, CpIl can be grown in standing culture as a filamentous branching mat essentially devoid of specialized structures. Transfer of the mycelia to defined medium after thorough washing in mineral salts and resuspension by homogenization leads within a week to the formation of numerous vesicles and sporangia. While no attention has been paid in this paper to sporangia formation per se, the numbers formed were considerable. Efforts to quantitate sporangia formation were attempted but were not very successful due to the variability in sporangium size, age, and maturity. While vesicles were small, of uniform size (-3-5 k m diameter), and resistant to breakage even by relatively long periods of sonication, sporangia varied in size from 10 to 60 k m in length (with variable width), were initiated and developed progressively with time, and were subject to variable breakage, depending on age and maturity. Estimates of sporangial number per tube at 14 days in defined medium were of the order of 5 x lo5 sporangia.tube-'.
Further manipulation of mycelium morphogenesis could be achieved by transferring mycelial mats from yeast extract cultures, after washing, to the defined medium containing 1.0 mM NH4C1 (see Table 6 ). In this medium, vesicle formation was totally inhibited, while sporangia formation proceeded unabated, or possibly slightly stimulated over the control defined medium. Such a culture after 2 weeks contained only filaments with sporangia. This cultural manipulation offers a method of producing large numbers of sporangia and, hence, spores in the absence of vesicles. We have yet to achieve the converse situation, a medium which will elicit vesicles and no sporangia, a possibility which seems likely to be achieved by further modification of the components of the medium.
